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Abstract  Through the widespread implementation of next-generation sequencing (NGS), analyses of the whole genome (the 
entire DNA content) and the whole transcriptome (the genes being expressed) are becoming commonplace. NGS enables the 
analysis of a vast amount of previously unattainable genetic information. Despite this potential, NGS has yet to be widely imple-
mented in genetic studies of biological invasions. The study of the genomic causes and consequences of biological invasions al-
lows a deeper understanding of the molecular mechanisms underpinning the invasion process. In this review, we present a brief 
introduction to NGS followed by a synthesis of current research in the genomics and transcriptomics of adaptation and coloniza-
tion. We then highlight research opportunities in the field, including: (1) assembling genomes and transcriptomes of non-model 
organisms, (2) identifying genomic regions and candidate genes underlying evolutionary processes, and (3) studying the adaptive 
role of gene expression variation. In particular, because introduced species face a broad range of physiological and biotic chal-
lenges when colonizing novel and variable environments, transcriptomics will enable the study of gene regulatory pathways that 
may be responsible for acclimation or adaptation. To conclude, we identify a number of research approaches that will aid our fu-
ture understanding of biological invasions [Current Zoology 61 (3): 488–504, 2015]. 
Keywords  Exotic species, Genomics, Genotype-environment interactions, Invasive species, Invasion genetics, Invasion route, 
Non-indigenous species, Non-native species 
1  Introduction 
Biological invasions can be seen as model systems to 
understand fundamental ecological and evolutionary 
processes, such as the establishment of species ranges, 
the onset of speciation, the effects of inbreeding and hy-
bridization, or the study of mechanisms shaping adap-
tive evolution (Lee, 2002; Sax et al., 2005). The inves-
tigation of biological invasions sheds light on basic 
processes that typically occur over long periods of time, 
but in a contemporary timeframe. Thus, the introduc-
tions of non-indigenous species are unique opportunities 
to observe otherwise unattainable ‘experiments’ (Sax et 
al., 2007). 
The importance of studying the genetics of biological 
invasions has been recognized for decades (Baker and 
Stebbins, 1965; Gray, 1986), with the term ‘invasion 
genetics’ appearing in the literature in the late 1990’s 
(e.g. Villablanca et al., 1998; Holland, 2000). It is there-
fore well-established that genetics offer versatile tools 
to investigate the fundamentals of biological invasions 
(Lee, 2002; Darling and Blum, 2007; Weinig et al.,  
2007; Le Roux and Wieczorek, 2009; Fitzpatrick et al., 
2012). Despite the progress reported in the literature on 
invasion genetics during the last two decades, recent 
reviews have concluded that much work is still needed 
to fully develop this research field (Geller et al., 2010; 
Bock et al., 2015; Rius et al., 2015). For example, most 
studies restrict their approach to the description of ge-
netic patterns, and do not proceed to the analysis of the 
underlying adaptive processes. In addition, these studies 
have mainly been carried out using a small number of 
loci (e.g. allozymes, DNA sequencing and microsatel-
lites) and have yet to embrace the potential of adopting 
next-generation sequencing (NGS) technologies to 
study biological invasions (see below). Adopting NGS 
has the potential to greatly enhance aspects of invasion 
genetics, permitting study of the genomic processes 
involved in colonization and adaptation. Further, NGS 
is expected to facilitate the comparison of whole ge-
nomes between populations and/or species (Kirk et al., 
2013), which will considerably advance our knowledge 
of invasive species. 
In this review, we present a brief introduction to 
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NGS, with the aim to familiarize invasion biologists 
with the most common concepts and latest techniques. 
Subsequently, we discuss current applications of NGS 
to invasion genetics and end with some future perspec-
tives. 
2  The Emergence of Next-Generation 
Sequencing 
First-generation, or Sanger sequencing (Sanger et al., 
1977), was widely used during the 1980s and 1990s, but 
has been superseded in terms of output by NGS, with 
the daily throughput of NGS being 100–100,000 times 
higher than Sanger sequencing (Kircher and Kelso, 
2010; Metzker, 2010). However, NGS, with a few ex-
ceptions, produces shorter reads than Sanger sequencing, 
which leads to complications with respect to assembling 
these short reads into loci, genes, and whole genomes 
(Pop and Salzberg, 2008). In addition, NGS has a con-
siderably higher error rate than Sanger sequencing 
(Kircher and Kelso, 2010). Counteracting these disad-
vantages is the ability of NGS to sequence at many fold 
coverage, and with the use of bioinformatic tools to 
detect errors (McElroy et al., 2014), reduce the likelih-
ood that errors populate the final assembly. Importantly, 
the application of NGS does not require whole genomes 
or whole transcriptomes to be sequenced and assembled. 
Instead, methods have been developed to carry out ge-
nomic analyses without a reference genome, including 
restriction site-associated DNA sequencing (RAD-Seq) 
(Baird et al., 2008) or genotyping-by-sequencing (GBS) 
(Elshire et al., 2011). Taken together, the substantially 
higher throughput of NGS makes this technology a much 
more cost-effective option to sequence large portions of 
the genome, or identify and genotype genetic markers. 
Although the study of genome-scale processes has 
traditionally been limited to model organisms, the emer-
gence of NGS means that any organism can now be stu-
died (Metzker, 2010). This is important because (1) 
model organisms may not reflect the biology of their 
close relatives, or display only a fraction of the diversity 
of living organisms and traits (Huey et al., 2005; Tagu et 
al., 2014), and (2) NGS can be employed to understand 
how broadly influential ecological and evolutionary pro-
cesses are. In addition, the application of NGS increases 
the feasibility of comparisons of multiple genomes 
(1000 Genomes Project Consortium, 2012; Huang et al., 
2012; Hester et al., 2013). NGS was, at first appearance, 
a technology that was only accessible to a few research 
groups, due to its high cost (Wetterstrand, 2014). How-
ever, increasing interest and application of NGS has led 
to a rapid and dramatic decrease in its costs (Fig. 1). 
NGS is nowadays broadly accessible and allows ques-
tions to be answered that were previously prohibitively 
expensive or impractical (Mardis, 2011). Important bi-
ological advances as a result of the implementation of 
NGS have been reported in the fields of population ge-
nomics (Luikart et al., 2003), adaptive evolution (Stap-
ley et al., 2010; Turner et al., 2010), phylogenetics 
(Lemmon and Lemmon, 2013), conservation biology 
(Angeloni et al., 2012), microbial metagenomics (La-
serson et al., 2011), environmental monitoring (Ficetola 
et al., 2008; Bohmann et al., 2014) and crop genetics  
 
 
 
Fig. 1  Cost of next-generation sequencing and publication rate of studies on invasion genetics 
Sequencing costs (note log-scale axis) were obtained from the National Human Genome Research Institute (NHGRI) (http://www.genome.gov/ 
sequencingcosts/) with average sequencing cost per year calculated from the NHGRI project. Publication rate was obtained through Web of Science 
search on 21st March 2015 with keywords (population) and (genomics, transcriptomics or genetics) and (invas* species), excluding (non-invasive). 
The initial search was sorted using only the research fields ‘Zoology’, ‘Evolutionary Biology’, ‘Conservation Biology’, ‘Plant Science’, ‘Marine and 
Freshwater Biology’, ‘Genetics Heredity’ and ‘Environmental Sciences Ecology’, with further curation removing duplicates and unsuitable records. 
490 Current Zoology Vol. 61  No. 3 
 
(Varshney et al., 2009), among many more. Although 
studies in biological invasions have not broadly em-
braced the possibility of using NGS, the recent increase 
in numbers of ‘invasion genetics’ studies is concurrent 
with a decrease of NGS cost (see Fig. 1 for details), 
which suggests that NGS will soon become a widely 
used technology in the study of invasion genetics. 
3  Sequencing the Genomes and  
Transcriptomes of Non-Model  
Organisms 
3.1  Genome sequencing and assembly 
Whole genome studies employing NGS start with the 
many-fold coverage sequencing of an organism’s DNA, 
followed by various steps of assembly (Fig. 2A). The 
quality of a genome assembly is important as it provides 
a measure of the degree to which the sequence has been 
correctly assembled and the sequences are reliable. As-
sembly quality can be assessed using different statistics, 
which offer a measure of genome completeness and 
contiguity (Miller et al., 2010; Yandell and Ence, 2012; 
Li et al., 2015). Excellent reviews are available on de 
novo genome assembly (Baker, 2012) and use of ge-
nome sequencing in non-model organisms (Ellegren, 
2014). 
Comparisons between low-error Sanger sequenced 
genome regions and the equivalent NGS-sequenced 
regions are useful to provide a measure of error rate, in 
particular in repetitive or duplicated regions of the ge-
nome (e.g. Alkan et al., 2011). Multiple assembly pro-
grams are available, but general consensus on the ‘best’ 
assemblers has yet to be reached. This has sparked 
community-guided comparative projects. For example, 
GAGE (Genome Assembly Gold-standard Evaluations) 
(Salzberg et al., 2012), dnGASP (de novo Genome As-
sembly Assessment Project) (CNAG, 2014) and the As-
semblathon (Earl et al., 2011; Bradnam et al., 2013) 
have assessed and compared homology-based and de 
novo assembly programs. Results from these projects 
have highlighted the value of using a large range of me-
trics to fully assess assembly quality (Salzberg et al., 
2012; Bradnam et al., 2013). 
Some recent applications of whole genome (de novo) 
sequencing highlight the exciting research that is now 
achievable. For example, the giant panda became the 
first mammal to be sequenced using solely NGS plat-
forms (Li et al., 2010b), and the ambitious Genome 10K 
 
 
 
Fig. 2  A typical pipeline for shotgun genome sequencing (A) and RNA-Seq and differential expression analysis (B) 
The steps of the pathway are shown in red and the processes in blue. The data generated from this can be compared to protein and pathway databas-
es in order to gain insight into the roles of expressed genes. Adapted from Oshlack et al. (2010). 
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Project aims to sequence 10,000 vertebrate species 
(G10KCOS, 2009). Otto et al. (2014) revealed possible 
pathways of adaptation of the malaria parasite in chim-
panzees, and Hester et al. (2013) sequenced the genome 
of a malaria parasite, finding large genomic regions that 
were not present in the reference genome and hence not 
identified using homology-based assembly. Multiple 
NGS platforms may be utilized, as in Peng et al. (2014), 
where data from three different platforms were analyzed 
to assess the genomic basis of weediness in horseweed. 
Furthermore, it is possible to simultaneously sequence 
genomes of different species, such as the metagenomic 
sequencing (i.e. the study of many genomes) of micro-
bial communities (Laserson et al., 2011; Peng et al., 
2011). 
3.2  Transcriptome Sequencing and Assembly 
The field of transcriptomics is the study and charac-
terization of the RNA transcripts expressed by the ge-
nome in a particular tissue at a certain time (Wang et al., 
2009). Investigating the entire transcriptome of an or-
ganism can be done via two approaches. Some species 
have available fully sequenced genomes, and thus tran-
scripts can be mapped directly to them. Alternatively, 
the genome of a congeneric or sister species can be used. 
Sequence divergence, however, may confound this ap-
proach (Fraser et al., 2011), and thus caution is needed. 
Another approach to study transcriptomes is to se-
quence and assemble the focal species’ transcriptome de 
novo (Haas et al., 2013). This has been done for a wide 
variety of species in recent years (e.g. Fraser et al., 2011; 
Garg et al., 2011; Zhang et al., 2012; Chapman et al., 
2013; de Carvalho et al., 2013; Guggisberg et al., 2013; 
Tang, 2014; Uliano-Silva, 2014). 
There is many software available for de novo tran-
scriptome assembly (Zerbino and Birney, 2008; Simp-
son et al., 2009; Grabherr et al., 2011; Luo et al., 2012; 
Schulz et al., 2012), which utilize different approaches 
to assemble the data, often with large differences be-
tween the final assemblies (Zhao et al., 2011). Such com-
parisons between assembly programs, although rarely 
done, can be a useful guide as to which programs per-
form best, however may only be useful on a case-by-  
case basis. 
To compare across individuals, the assembled tran-
scriptome, or a previously sequenced genome, is used as 
the reference for mapping back reads obtained from 
multiple individuals. Several programs are available to 
map RNA reads to a reference (Cloonan et al., 2008; Li 
et al., 2008; Mortazavi et al., 2008; Langmead et al., 
2009) and consideration of the available reference (ge-
nome or transcriptome), and mapping program(s) used, 
is important. For example, mapping reads back to a ge-
nome will tend to give a lower coverage for loci con-
taining several introns because a greater proportion of 
reads will span multiple exon-exon boundaries, which 
may prevent successful mapping (Oshlack, 2010). This 
can be alleviated by either utilizing exon junction libra-
ries (Marioni et al., 2008; Pickrell et al., 2010), a pro-
gressive mapping strategy (Cloonan et al., 2009; Pick-
rell et al., 2010) or via de novo transcriptome construc-
tion (Oshlack, 2010). 
The short length of the NGS reads means that these 
may not map uniquely if they are derived from one of a 
pair of highly similar duplicate genes, although to a 
certain degree this can be mitigated via using longer 
NGS reads (De Wit et al., 2012). NGS has the potential 
to sequence every expressed gene that is present in a 
sample, and as a result it is possible that some contami-
nant DNA and RNA, perhaps from parasites or bacteria, 
will be included in the analysis (e.g. Ioannidis et al., 
2014). This can be resolved by using DNase treatment 
prior to library construction (Haas et al., 2013) or simp-
ly by removing any putative contaminant contigs after 
assembly based on sequence homology. Despite these 
caveats, de novo transcriptome assembly has become an 
invaluable tool for the study of non-model organisms. 
3.3  Population genomic analyses 
Genomes are not homogeneous entities; each region 
can exhibit different levels of polymorphism and diffe-
rentiation, and in some cases this is related to the effects 
of natural selection (Nosil et al., 2009). Lewontin and 
Krakaeur (1973) noted that all loci should be similarly 
affected by demographic processes, whereas selection 
only affects a subset of the loci. This characteristic sig-
nature of selection is generally studied using population 
genomic approaches. Genotyping many loci throughout 
genomes (directly from NGS or based on marker poly-
morphism; see below) in numerous individuals and/or 
populations allows the separation of locus-specific ef-
fects from genome-wide effects (Black et al., 2001). 
Sampling numerous loci and testing for outliers identi-
fies those that are under selection, with further analyses 
carried out to elucidate evolutionary processes (Luikart 
et al., 2003). Adopting this approach to understand the 
loci underlying adaptation and / or invasiveness is par-
ticularly instructive in invasion biology. 
The method for identifying regions with locus-   
specific signatures of selection follows four steps (Lui-
kart et al., 2003): (1) sampling a representative number 
of individuals, (2) genotyping a large number of loci,   
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(3) conducting statistical tests to identify outlier loci and 
(4) either estimating neutral demographic parameters 
(without using outlier loci), and/or focusing on outlier 
loci to investigate the selective forces acting upon them. 
Loci involved in adaptive population divergence, along 
with tightly linked markers, are expected to display sig-
nificantly greater divergence than the genome-wide 
average divergence. Analyzing large numbers of mark-
ers (typically single nucleotide polymorphisms, SNPs; 
Angeloni et al., 2012; Kumar et al., 2012) throughout 
the genome means that some markers will be from re-
gions of the genome underlying differential adaptation. 
By comparing patterns of polymorphism and between-   
population divergence throughout the genome, one can 
identify ‘genomic outliers’. Applying NGS to all of the 
individuals of interest could be used to simultaneously 
identify and score genotypes, or alternatively a few in-
dividuals could be sequenced and markers identified for 
creating a genotyping assay (see details of several dis-
covery methods in Davey et al., 2011; Chapman, 2015). 
A popular method to rapidly genotype dozens to 
hundreds of individuals is to use NGS to sequence just a 
portion of the genome. This ‘reduced-representation’ 
sequencing allows thousands of loci throughout the ge-
nome to be sequenced by first restriction digesting the 
DNA and then sequencing the ends of the digested 
fragments using GBS or RAD-Seq. Samples are typi-
cally individually tagged and then sequenced en masse 
(Smith et al., 2010). The opportunity exists however to 
pool populations of individuals prior to NGS (Pool-Seq; 
Futschik and Schlötterer, 2010), which greatly increases 
cost-effectiveness when dealing with large numbers of 
samples without drastically compromising fidelity. The 
NGS of pooled DNA affords a reliable method for ge-
nome-wide analysis of large numbers of samples (Fut-
schik and Schlötterer, 2010), and tools are available 
specifically for analyzing pooled data (Bansal, 2010; 
Kofler et al., 2011). PoPoolation2 (Kofler et al., 2011) is 
a statistical approach that demonstrates an 80‒85% SNP 
discovery rate compared to individual sequencing, and a 
low false discovery rate. However, analytical limitations 
do exist (see Schlötterer et al., 2014), mainly because a 
reduced representation of the genome may lead to data 
biases. For example, RAD-seq can underestimate (Ar-
nold et al., 2013) and overestimate (Cutler and Jensen, 
2010) the genetic diversity of both individual and pool-
ed samples respectively. 
Many methods exist for scrutinizing the effects of 
selection on the genome (Angeloni et al., 2012). Three 
popular approaches are genome-wide selection scans 
(GWSS) (Storz, 2005), genome-wide association scans 
(GWAS) (Hirschhorn and Daly, 2005) and genetic-envi-
ronment association scans (GEAS) (Thomas, 2010). 
GWSS compare divergence throughout the genome, 
identifying markers with substantial divergence from 
the neutral genome average, whereas GWAS link mark-
er genotypes with quantitative trait variation (Brachi et 
al., 2011). Finally, GEAS incorporate the impact of en-
vironment on the trait variation (Bierne et al., 2011). 
These genome-wide analyses show great potential in 
revealing the evolutionary processes affecting invasive 
populations (Puzey and Vallejo-Marin, 2014). 
As mentioned above NGS can be used to identify 
polymorphic SNP markers and then a genotyping array 
can be used to assay dozens to hundreds of individuals. 
Such high-density arrays (Ramos et al., 2009; Kumar et 
al., 2012), for example, Illumina’s Infinium assay, can 
accurately genotype any number of SNPs (up to a mil-
lion in one assay) across many individuals (Adler et al., 
2013). The high-throughput nature and density of SNPs 
analyzed with these arrays allows processes like quan-
titative trait locus (QTL) mapping or linkage disequili-
brium studies (Lien et al., 2011) to be performed in a 
more extensive and time-efficient manner. 
Considerations do however need to be taken into ac-
count when identifying markers putatively under selec-
tion. For example, the fidelity of identifying adaptive 
loci could be compromised in populations that have 
recently undergone a genetic bottleneck (Poh et al., 
2014), although this depends on the tests employed 
(Narum and Hess, 2011). Furthermore, the obtainment 
method of SNPs can also cause an ascertainment bias, 
affecting interpretation of population genomic patterns 
(Lachance and Tishkoff, 2013). Inferences of neutrality 
and identification of candidate genes under selection 
can only be reliably made when levels of ascertainment 
bias are low (Kelley et al., 2006). In addition, the most 
widely-used statistic for identifying markers under se-
lection (Beaumont, 2005), the fixation index FST 
(Wright, 1951), is not an absolute measure of diver-
gence (Jost, 2008), but instead a relative measure of the 
amount of within-species polymorphism (Charlesworth, 
1998; Cruickshank and Hahn, 2014). This means that 
outlier loci based on FST alone are prone to false posi-
tives when intraspecific diversity is low (e.g. in centro-
meric regions where recombination is suppressed; Be-
gun and Aquadro, 1992; Turner and Hahn, 2010). In a 
recent review, Cruickshank and Hahn (2014) demon-
strate that genomic regions of ‘high divergence’ (based 
on FST) are regions of the genome with low intraspecific 
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polymorphism. FST-like statistics are a relative measure 
of differentiation, while an absolute measure of diver-
gence between populations (e.g. dXY) is independent of 
levels of diversity within the populations. Therefore, 
Cruickshank and Hahn (2014) suggest that dXY should 
be combined with relative measures to more fully un-
derstand heterogeneous genomic divergence. 
In addition to methodological limitations, there are 
possible pitfalls in the analysis of population genomic 
data. For instance, the susceptibility to report type I and 
II errors can add to the difficulty of interpretation when 
selection affects a large number of loci, and when many 
evolutionary processes are present (Bierne et al., 2013). 
Bioinformatically, the high numbers of SNPs can cause 
algorithms to grind to a halt under the computational 
burden induced (Lange et al., 2014). Duforet-Frebourg 
et al. (2014) proposed an approach based on Bayesian 
factor models that is able to infer population structure 
(i.e. the input populations are not defined as belonging 
to specific groups) and identify outlier loci. However, 
this approach is still susceptible to the large computa-
tional burden. Caution must also be observed when in-
terpreting results of selective regions influenced by the 
environment as GWSS merely identify correlations, and 
follow-up work is essential to investigate the interplay 
present (Coop et al., 2010). 
3.4  Transcriptome analyses 
Using transcriptomics, gene expression changes can 
be quantified and related to evolutionary and ecological 
processes (Stapley et al., 2010). Additionally, transcrip-
tome data can be used for SNP discovery and tests for 
selection in the same way that whole genome or reduced 
representation sequencing might be (De Wit et al., 2012). 
Until the advent of NGS, gene expression profiling 
was typically carried out using microarrays. One major 
drawback from this, however, is that it relies on se-
quence homology among individuals, and significant 
sequence divergence may prevent RNA from the study 
species effectively hybridizing with the DNA probes on 
the array, giving rise to false detection of expression 
divergence. 
NGS allows the transcriptome sequencing of mul-
tiple individuals and does not require the construction of 
a microarray, therefore circumventing the issue of se-
quence divergence causing false positives. Furthermore, 
whilst transcriptomic studies are still relatively expen-
sive, they are becoming more cost effective as sequenc-
ing costs reduce (see Fig. 1). Finally, this technology 
can be applied to the analysis of essentially any species 
of interest by sequencing and assembling transcriptomes 
de novo (Haas et al., 2013). 
There are currently two mainstream NGS methods 
that can be used to generate gene expression profiles: 
Tag-seq and RNA-Seq. The former is the most eco-
nomical option, results in the generation of short reads 
and requires mapping tags to a reference genome. As 
noted above, shorter reads are more likely to suffer from 
problems associated with ambiguous mapping (Ekblom 
and Galindo, 2010; Cullum, 2011). In addition, a refer-
ence genome or transcriptome is necessary for this pro-
cedure and hence it cannot be carried out for non-model 
species unless one is willing to invest in this initial cost. 
The second method, RNA-Seq allows for a more com-
prehensive transcriptome analysis, something that was 
previously untenable due to technological shortcomings 
(Gracey, 2007). This method utilizes short reads (up to a 
few hundred bases in length depending on the sequencer 
used) that are assembled de novo, though may be mapp-
ed to a reference genome or transcriptome if available 
(Fig. 2B) (see further details in De Wit et al., 2012). The 
protocol for using transcriptomic data to quantify gene 
expression/differential expression is reviewed in Osh-
lack et al. (2010) but in brief, the mapped reads are as-
sembled into ‘expression summaries’, which are norma-
lized to account for size differences between libraries 
from different individuals (Chu et al., 2014), and then 
exposed to statistical testing to quantify the size of any 
expression changes. From the aligned sequences, it is 
also possible to carry out population genetic analyses, 
test for selection (Hodgins et al., 2015), or isolate 
SNPs/microsatellite markers for further population ge-
netic or genetic mapping studies (Sun et al., 2012). 
There are a large number of options for analyzing 
transcriptomic data obtained via NGS (both homology-   
based and de novo; Anders and Huber, 2010; Hardcastle 
and Kelly, 2010; Robinson et al., 2010) and the appro-
priate choice depends on the question under investiga-
tion. This can range from the role of alternative splicing 
(Wang et al., 2010), the detection of novel transcripts 
(Trapnell et al., 2010), and estimates of transcript ab-
undance (Li et al., 2010a). RNA-Seq data typically 
conforms to a Poisson distribution, however analyses 
based on these will often fail to capture biological va-
riability (Langmead et al., 2010; Oshlack, 2010). As a 
result, a variety of methods have been proposed based 
on negative binomial distributions (Robinson et al., 
2010), common dispersal models (Robinson and Smyth, 
2008), and Bayesian techniques (Hardcastle and Kelly, 
2010). However, many of these can only be applied to 
simple experimental set ups, and more complex designs 
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such as time course experiments require data transfor-
mation (Oshlack, 2010). 
The importance of studying gene expression varia-
tion can be best appreciated through the relatively large 
effects brought about by expression changes in just one 
or a few loci or over very short timeframes (Fisher and 
Oleksiak, 2007; Zhang et al., 2012). This highlights 
how differential expression analysis could speed up the 
time it takes to identify the causative genetic changes 
underlying major evolutionary differences. 
4  Next-Generation Sequencing and 
the Study of Evolutionary and  
Ecological Processes 
The application of NGS permits comparisons of ge-
nomes and transcriptomes among individuals, popula-
tions and meta-populations, allowing a better under-
standing of underlying ecological and evolutionary pro-
cesses. For example, analyses of NGS data enable re-
searchers to examine patterns of selection (Angeloni et 
al., 2012), and identify candidate genes underpinning 
adaptation (Stapley et al., 2010). This is important as 
loci under selection are candidates for variation in fit-
ness and may be indicative of specific selective forces 
involved (Nielsen, 2005). NGS approaches allow popu-
lation demographic and genetic processes to be sepa-
rated from adaptive processes (Luikart et al., 2003; Kirk 
and Freeland, 2011; Angeloni et al., 2012). For example, 
Milano et al. (2014) studied evolutionary processes in 
the European hake, identifying intra-basin divergent 
outlier loci suggestive of selection, and putatively neu-
tral loci that confirmed the genetic differentiation be-
tween basins. Another demonstration of the usefulness 
of this approach was published by Evans et al. (2014), 
who used a whole-genome selection scan in tandem with 
association studies to identify adaptation along a latitu-
dinal gradient in the black cottonwood tree Populus tricho-
carpa. Overall, there is a clear advantage to applying 
these approaches to introduced species in order to assess 
patterns of origin, selection and the genomics of adaptation. 
Genome-wide coverage using NGS allows the detec-
tion of processes affecting more than one locus, like 
genomic regions that show evidence of selective sweeps 
(Sabeti et al., 2002; Schlötterer, 2003; Boitard et al., 
2012). Statistical methods are available to improve the 
detection of selective sweeps, such as the pooled-sam-
ple specific method introduced by Boitard et al. (2012), 
which was able to utilize coverage as low as 1X per 
individual for genotyping. Although NGS possesses the 
ability to de novo genotype non-model organisms (Dheilly 
et al., 2014), the detection of multi-locus selective 
sweeps (Messer and Petrov, 2013) still requires a refer-
ence genome for homology-based mapping (Ellegren et 
al., 2012; Poelstra et al., 2014). 
Quantifying variation in gene expression can illumi-
nate a variety of ecological and evolutionary phenome-
na (Akashi, 2001; Guggisberg et al., 2013), as well as 
inform more applied research such as disease control / 
resistance and progression (Barakat et al., 2009). Com-
parative approaches highlighting differences in gene 
expression between two or more conditions allow re-
searchers to investigate the role of gene regulation on 
immediate acclimation to various environmental condi-
tions (Fraser et al., 2011) and the evolution of novel 
adaptations or phenotypes (Lockwood et al., 2010; 
Guggisberg et al., 2013; Wang et al., 2013; Ye et al., 
2014). Gene expression measurements also allow us to 
investigate differential expression across taxa, or to 
identify genes for further investigation. For example, 
NGS studies have uncovered genes that encode heat 
shock proteins that play a role in adaptation to thermal 
stress (Lockwood et al., 2010; Ronges et al., 2012; Chu 
et al., 2014). These genes have been some of the first to 
be identified as being involved in temperature adapta-
tion and stress response (Ananthan et al., 1986) and 
NGS has further shown that the role of these genes in 
their response to heat is near universal. 
Being able to sequence the transcriptome de novo al-
lows large-scale comparisons of the gene space of non-   
model organisms (Romiguier et al., 2014). Whilst popu-
lation comparisons between introduced and native 
ranges have been made in the past using microarrays 
(Guggisberg et al., 2013), NGS provides an opportunity 
for more detailed comparisons across the whole tran-
scriptome. Finally, NGS allows the investigation of 
processes that cannot be studied effectively with pre-
vious methods. One such important mechanism is alter-
native splicing, as the majority of genes can be spliced 
in multiple ways (Kim et al., 2007). RNA-Seq has al-
lowed the investigation of alternative splicing in closely 
related mice subspecies revealing 6.5% of genes ex-
pressed in the testes show alternative splicing (Harr and 
Turner, 2010), which demonstrates a mechanism that 
can contribute to phenotypic and transcriptomic diffe-
rentiation between closely related species. This me-
chanism is unexplored in non-indigenous species, and 
NGS methods may prove to be the best tool for com-
paring alternative splicing in native and introduced 
populations. 
 RIUS M et al.: Next-generation sequencing and biological invasions 495 
 
5  Applications to the Study of  
Biological Invasions 
We reviewed the existing literature and revealed that 
studies using NGS technology to investigate invasive 
species started in 2008 and only in the last few years 
has there been an increase in both the publication rate 
and the diversity of research approaches used (Table 1). 
The majority of studies that have used NGS on non- 
indigenous species have done so in a non-invasive con-
text, for example by simply developing genomic and 
transcriptomic resources that will assist future studies. 
Genetic studies have historically focused on under-
standing the genetic mechanisms that underlie biologi-
cal invasions, and the ability of invasive species to cope 
with rapid environmental changes (Gray, 1986; Good-
win et al., 1999; Ellstrand and Schierenbeck, 2000; Dlu-
gosch and Parker, 2008). Introduced species are often 
 
Table 1  Studies that use next-generation sequencing to study invasive species, including the objective and whether these 
are undertaken in the context of biological invasions (‘Inv.’) or not (‘Non.’) 
Year Objective Context Species Lead Author
2008 eDNA Inv. Rana catesbeiana Ficetola 
2008 Marker Development Non. Gasterosteus aculeatus Baird 
2010 De novo Transcriptome Assembly; Gene Expression Non. Agrilus planipennis Mittapalli  
2010 Marker Development; Gene Expression; Adaptation Genomics/Genetics Non. Aphis glycines Bai 
2010 Population Genomics Inv. Gasterosterus aculeatus Hohenlohe 
2010 Transcriptomic Resources Database Construction Non. Eucalyptus grandis Mizrachi  
2011 cpDNA Sequencing; Method Comparison Inv. Jacobea vulgaris Doorduin 
2011 De novo Genome and Transcriptome Assembly Non. Linepithema humile Smith 
2011 De novo Transcriptome Assembly; Gene Expression Non. Bactrocera dorsalis Shen 
2011 De novo Transcriptome Assembly; Invasion Genetics Inv. Phragmites australis He 
2011 Species-Diagnostic Resource Development Inv. Multiple trout Hohenlohe 
2012 cpDNA Sequencing Non. Ageratina adenophora Nie 
2012 De novo Genome and Transcriptome Assembly; Gene Expression Non. Crassostrea gigas Zhang 
2012 De novo Transcriptome Assembly Non. Bemisia tabaci Su  
2012 De novo Transcriptome Assembly Non. Pomacea canaliculata Sun 
2012 De novo Transcriptome Assembly; Gene Expression Non. Eriocheir sinensis He 
2012 De novo Transcriptome Assembly; Gene Expression; Invasion Genetics Inv. Mikania micrantha Huang 
2012 Gene Expression Non. Poaceae species Davidson 
2012 Population Genomics Non. Drosophila melanogaster Fabian 
2012 Population Genomics Non. Helianthus species Renaut 
2012 Species-Diagnostic Resource Development Inv. Multiple trout Amish 
2012 Species-Diagnostic Resource Development Non. Rodentia sp.  Galan 
2012 Transcriptomic Resources Database Construction; Method Comparison Inv. Multiple Compositae Lai 
2013 cpDNA Sequencing Non. Camellia species  Yang 
2013 cpDNA Sequencing Non. Catharanthus roseus  Ku 
2013 De novo Genome Assembly; Population Genomics Non. Sus scrofa Li 
2013 De novo Genome Assembly Non. Botryllus schlosseri Voskoboynik 
2013 De novo Transcriptome Assembly Non. Corbicula fluminea Chen 
2013 De novo Transcriptome Assembly Non. Centaurea solstitialis Dlugosch 
2013 De novo Transcriptome Assembly Non. Multiple Compositae  Hodgins 
2013 De novo Transcriptome Assembly Inv. Brachypodium sylvaticum Fox 
2013 De novo Transcriptome Assembly Non. Aedes albopictus Peolchau 
2013 De novo Transcriptome Assembly; Marker Development Non. Spartina sp. De Carvalho 
2013 eDNA Inv. Multiple species Pochon 
Continued Table1 
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Year Objective Context Species Lead Author
2013 Gene Expression Non. Aedes aegypti Akbari 
2013 Gene Expression Inv. Crassostrea gigas Clark 
2013 Genome and Transcriptome Assembly; Evolutionary History Inv. Drosophila suzukii Ometto 
2013 Invasion Genetics Inv. Bemisia tabaci Wang 
2013 Marker Development Non. Frangula alnus De Kort 
2013 Marker Development Non. Cichlasoma urophthalmus Harrison 
2013 Marker Development Non. Python molurus bivittatus Hunter 
2013 Marker Development Non. Anguilla anguilla Pujolar 
2013 Marker Development Non. Sisymbrium austriacum chrysanthum Vandepitte 
2013 Marker Development Non. Spartina alterniflora Guo 
2013 Marker Development Non. Pterois volitans and P. miles Schultz 
2013 MicroRNA Resource Development Non. Aedes albopictus Gu 
2013 mtDNA Sequencing Non. Multiple ascidians Rubinstein 
2013 mtDNA Sequencing; mtDNA Gene Expression Inv. Bemisia tabaci Wang 
2013 Population Genomics Inv. Myodes glareolus White 
2013 Species-Diagnostic Resource Development; Invasion Genetics Inv. Oncorhynchus mykiss and O. clarki lewisi Hohenlohe 
2013 Transcriptomic Resources Database Construction Non. Lonicera japonica He 
2014 Adaptation Genetics Inv. Bemisia tabaci Ye 
2014 Adaptation Genetics Inv. Castanea mollissima Miller 
2014 Adaptation Genetics; Genetic Diversity Non. Youngia japonica Peng 
2014 Bacterial Diversity Non. Scirtothrips dorsalis Dickey 
2014 cpDNA Sequencing Non. Praxelis (Eupatorium catarium Veldkamp) Zhang 
2014 cpDNA Sequencing Non. Centaurea diffusa Turner 
2014 De novo Genome Assembly Non. Bactrocera tryoni Gilchrist 
2014 De novo Genome Assembly Non. Apis mellifera Elsik 
2014 De novo Transcriptome Assembly Non. Forficula auricularia Roulin 
2014 De novo Transcriptome Assembly Non. Undaria pinnatifida Shan 
2014 De novo Transcriptome Assembly Non. Bactrocera dorsalis Wei 
2014 De novo Transcriptome Assembly; Gene Expression Non. Perna viridis Leung 
2014 De novo Transcriptome Assembly; Gene Expression Inv. Limnoperna fortunei Uliano-Silva
2014 De novo Transcriptome Assembly; Gene Expression Inv. Octodonta nipae Tang 
2014 De novo Transcriptome Assembly; Gene Expression Inv. Halyomorpha halys Ioannidis 
2014 eDNA Inv. Multiple Actinopterygii Mahon 
2014 Gene Expression Non. Soybean mosaic virs on Aphis glycines Cassone 
2014 Gene Expression Non. Halyomorpha halys Sparks 
2014 Gene Expression Non. Lissorhoptrus oryzophilus Yuan 
2014 Gene Expression Non. Bemisia tabaci Xie 
2014 Genetic Diversity Non. Multiple non-model species Romiguier 
2014 Genetic Variability Inv. Bemisia tabaci Fang 
2014 Invasion Genetics Inv. Multiple microbial taxa Manzari 
2014 Marker Development Non. Effect of Trioxys pallidus on Chromaphis juglandicola Anderson 
2014 Marker Development Non. Callosobruchus chinensis Duan 
Continued Table1 
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Year Objective Context Species Lead Author 
2014 Marker Development Non. Watersipora species  Mackie 
2014 Marker Development Non. Ageratine adenophora Nie 
2014 Marker Development Non. Heracleum persicum Rijal 
2014 Marker Development; Invasion Genetics Inv. Pueraria montana var. lobata Hoffberg 
2014 mtDNA Sequencing Non. Pterois volitans Del Río-Portilla
2014 mtDNA Sequencing Non. Ponticola kessleri Kalchhauser 
2014 mtDNA Sequencing Non. Apis mellifera scutellata Gibson 
2014 mtDNA Sequencing Non. Corvus splendens Krzeminska 
2014 mtDNA Sequencing Non. Zootermopsis nevadensis Qian 
2014 Phylogeographic Construction Inv. Astyanax mexicanus Coghill 
2014 Population Genomics Inv. Candidatus Ishikawaella capsulata Brown 
2014 Population Genomics Non. Alnus glutinosa De Kort 
2014 Population Genomics Inv. Dendroctonus ponderosae Janes 
2014 Population Genomics Inv. Mimulus guttatus Puzey 
2014 Population Genomics Inv. Cardiocondyla obscurior  Shrader 
2014 Population Genomics Non. Gasterosteus aculeatus Terekhanova 
2014 Population Genomics Inv. Sisymbrium austriacum chrysanthum Vandepitte 
2014 Sequencing of Gut Contents Non. Multiple microbial taxa Do 
2014 Sequencing of Gut Contents Non. Anolis sagrei Kartzinel 
2014 Sequencing of Gut Contents Inv. Hypopthalmicthys molitrix Ye 
2014 Species-Diagnostic Resource Development Inv. Hypophthalmichthys nobilis and H. molitrix Lamer 
2014 Species-Diagnostic Resource Development Inv. Hypophthalmichthys nobilis and H. molitrix Lance 
2015 Adaptation genetics Non. Multiple Helianthus species  Baute 
2015 De novo Genome Assembly Non. Apis cerana Park 
2015 De novo Transcriptome Assembly Non. Procambarus clarkii Manfrin 
2015 De novo Transcriptome Assembly Non. Caulerpa taxifolia Ranjan 
2015 De novo Transcriptome Assembly Non. Arundo donax Barrero 
2015 Gene Expression Non. Eriocheir sinensis Li 
2015 Gene Expression Non. Apis mellifera Jasper 
2015 Gene Expression Non. Chrysomya megacephala Wang 
2015 Marker Development Non. Perccottus glenii King 
2015 Marker Development Non. Achatina (=Lissachatina) fulica Morrison 
2015 Marker Development; Invasion Genetics Inv. Phytolacca americana Bentley 
2015 Marker Development; Invasion Genetics Inv. Hypophthalmichthys nobilis and H. molitrix Miller 
2015 MicroRNA Resource Development Non. Bursaphelenchus xylophilus Ding 
2015 mtDNA Sequencing; Invasion Genetics Inv. Didemnum vexillum Smith 
2015 Population Genomics Non. Poecilia reticulata Fraser 
2015 Population Genomics Non. Oncorhynchus nerka Lemay 
2015 Sequencing of Gut Contents Non. Harmonia axyridis preying upon Acyrthosiphon pisum Paula 
2015 Species-Diagnostic Resource Development Inv. Oncorhynchus mykiss and O. clarki lewisi Hand 
2015 Species-Diagnostic Resource Development; 
Invasion Genetics 
Inv. Triturus cristatus and T. carnifex Meilink 
More details of the studied phylum, ecosystem type and full reference details are available in Appendix 1 (Online material). 
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forced to adapt to environments to which they have not 
previously been exposed (Blackburn et al., 2011). Con-
sequently, the study of gene regulation of non-indi-
genous species and how this facilitates species adapta-
tion to stressful and changing environments is extreme-
ly relevant (Lockwood et al., 2010; Ronges et al., 2012; 
Zhang et al., 2012). Multiple studies that identify com-
mon gene expression changes may shed light on how 
introduced species successfully adapt to novel environ-
ments and overcome ecological challenges. For exam-
ple, several studies of invasive species have identified a 
consistent up-regulation of cytochrome P450, a gene 
involved in detoxification, relative to non-invasive popu-
lations (Mittapalli et al., 2010; Guggisberg et al., 2013; 
Ioannidis et al., 2014; Ye et al., 2014). In a study on the 
Canadian thistle Cirsium arvense, many of the loci dif-
ferentially expressed between native and introduced 
populations were putatively involved in response to 
stress, such as genes that oversee transcription and RNA 
stability (Guggisberg et al., 2013). Interestingly, genes 
encoding for cytochrome P450 were also overexpressed, 
suggesting a key role for them as contributors to the 
success of introduced species. 
NGS has significantly increased the accessibility of 
sequencing and now genomics can be effectively com-
bined with field experiments (Savolainen et al., 2013) 
and QTL mapping (Stinchcombe and Hoekstra, 2008; 
Lee et al., 2014). SNP analyses have demonstrated how 
introduced species adapt to new environments (Zayed 
and Whitfield, 2008; López Herráez et al., 2009; Smith 
et al., 2011) and could be used in the future to test cor-
relations between SNPs and climate, as in Yoder et al. 
(2014). 
Recent examples of the broad adoption of transcrip-
tomics include the transcriptome sequencing and as-
sembly of the invasive snail Pomacea canaliculata (Sun 
et al., 2012), stink bug Halyomorpha halys (Ioannidis et 
al., 2014) and tree Eucalyptus grandis (Mizrachi et al., 
2010). These studies provided novel tools to understand 
mechanisms underlying the invasion process and hig-
hlighted the limited application of NGS in invasion bi-
ology. Ioannidis et al. (2014) created a de novo tran-
scriptome to provide a resource for future work, but in 
doing so identified an interesting pattern of differential 
expression between adult and juvenile individuals. 
Twenty-five genes were up-regulated in adults compared 
to juveniles, and encoded proteins with homology to 
cytochrome P450 and glutathione S-transferase, which 
have been shown to play a role in detoxification of a 
wide range of chemical compounds such as xenobiotics 
(e.g. plant toxins) in other invasive species (Mittapalli et 
al., 2010; Ye et al., 2014). Although these studies have 
generated useful data, they are mostly descriptive (e.g. 
the construction of a reference transcriptome for future 
studies; Mizrachi et al., 2010) and have yet to be ap-
plied to fully comprehend biological invasions. 
Comparative transcriptomics offers one method by 
which to explore the molecular mechanisms behind 
biological invasions and has been previously studied to 
some extent using microarrays (Guggisberg et al., 2013; 
Hodgins et al., 2013). A comparative approach has also 
been adopted in NGS studies of native species. An exa-
mple of this can be seen in recent work undertaken by 
Gleason and Burton (2015) investigating the transcrip-
tomic response to heat in two differentially adapted 
populations of the marine snail Chlorostoma funebralis. 
They uncovered differential expression patterns in a 
number of genes, but most notably they found a signifi-
cant up-regulation of Heat Shock Protein 70 in the high-
er temperature-adapted population. Indeed, thermal stress 
is a major challenge faced by non-indigenous species 
and can cause large-scale macromolecular damage, sti-
mulating a molecular repair response (Mariman, 2009). 
Using microarrays, Lockwood et al. (2010) were able to 
demonstrate key expression differences between a na-
tive and invasive mussel species (Mytilus trossulus and 
Mytilus galloprovincialis, respectively) at different tem-
peratures. Whilst many genes exhibited differential ex-
pression, the gene encoding Heat Shock Protein 70 was 
significantly up-regulated in M. galloprovincialis at 
high temperature. In contrast, the response of M. tros-
sulus was to up-regulate genes associated with proteo-
lysis, suggesting that proteins had become damaged 
beyond repair. These studies give a glimpse at what 
could be achieved if NGS was fully adopted in invasive 
species. There is a particular need for this to be ad-
dressed, as climate change will significantly affect the 
likelihood and pathways of biological invasions (Hell-
mann et al., 2008; Rahel and Olden, 2008; Early and 
Sax, 2014; Rius et al., 2014), and understanding how 
range-shifting species respond to changing temperature 
regimes is of vital importance for future predictions of 
range shifts and invasion risk. In addition, common 
garden experiments can be used to confirm whether 
gene regulation changes are governed by rapid genetic 
adaptation or phenotypic plasticity (Guggisberg et al., 
2013), which provides insight into the relative impor-
tance of these two mechanisms (Davidson et al., 2011; 
Fierst, 2011). 
The presence of non-indigenous species can also be 
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monitored through the investigation of environmental 
DNA (eDNA), which are fragments of DNA left in the 
environment by local species (Ficetola et al., 2008; 
Piaggio et al., 2014) that can be used to identify the 
species present without observing the organism (Hebert 
et al., 2003). An eDNA barcoding approach, which 
commonly targets the mtDNA cytochrome c oxidase 
subunit I gene for animals (Marescaux and Van Doninck, 
2013; Mahon et al., 2014), allows the detection of in-
conspicuous, rare, or cryptic introduced species (Boh-
mann et al., 2014). This is particularly important when 
phenotypic plasticity renders morphological assessment 
difficult (Marescaux and Van Doninck, 2013). NGS has 
revolutionized DNA barcoding (Shokralla et al., 2012; 
Shokralla et al., 2014) by decreasing the cost of se-
quencing, but more importantly has removed the expen-
sive and time-consuming need to clone amplified eDNA 
into bacteria before sequencing hundreds of thousands 
of clones (Valentini et al., 2009). Applied to eDNA, 
NGS has detected the presence of invasive species in 
the bait trade (Mahon et al., 2014) and American bull-
frogs in French ponds (Ficetola et al., 2008). DNA bar-
coding is now able to detect and quantify species com-
position and biodiversity (Thomsen et al., 2012; Kelly 
et al., 2014), creating the potential for eDNA samples to 
be used to assess the ecological consequences of the 
presence of non-indigenous species on a much quicker 
timeframe than conventional surveying. Monitoring 
eDNA can be essential for the management of invasive 
species, as the earlier the invasion of a species is de-
tected, the cheaper and quicker it is to mitigate (Hulme, 
2006). 
Finally, genetic data allows the inference of the most 
likely origins and colonization histories of introduced 
species (Dlugosch and Parker, 2008; Estoup and Guil-
lemaud, 2010), which is vital for understanding the in-
vasion process and predicting future invasions (Hulme 
et al., 2008). In addition, revealing invasion routes en-
hances our understanding of how species ranges shift as 
a result of climate change (Buckley, 2008), elucidating 
whether or not a species is truly invasive (i.e., human 
assisted transport outside the native range, naturaliza-
tion and natural spread). The further-developing field of 
genomics will provide a more studious view of invasion 
routes, allowing more precise inferences to be calcu-
lated from genomic data and propelling the field beyond 
the limits of genetic marker methods (Kirk et al., 2013). 
Furthermore, employing outlier (sequence or expres-
sion-based) detection methods to these investigations 
could help elucidating the genomic and transcriptomic 
changes that take place during single and multiple inva-
sion events. 
6  Concluding Remarks 
Our synopsis shows that during a period of constant-
ly decreasing cost of NGS, studies in invasion genetics 
have continually increased. Despite this, NGS is still 
underutilized on a large scale in invasion biology, there 
are only a few comparisons between introduced and 
native populations, and even fewer investigations into 
the genetic basis of adaptation in non-indigenous spe-
cies. With a comprehensive implementation of genomic 
and transcriptomic approaches, it is expected that more 
in-depth analyses of mechanisms involved in the inva-
sion process will be inferred across taxa / ecosystems. 
For example, it is known that hybridization may have 
important effects on the fitness of some species (see 
Rius and Darling, 2014), but more research is needed to 
understand why and how hybridization might have a 
positive or negative influence on colonization success. 
NGS will allow the comparison of the genomic archi-
tecture of introduced and native ranges and reveal 
possible links between phenotypic plasticity and rapid 
evolutionary change. Furthermore, revealing the ge-
nomic architecture of divergence between native and 
non-indigenous species will allow a better understand-
ing of the link between genotypes and phenotypes, with 
a particular focus on the association between fitness and 
adaptation. We expect that manipulative experiments 
and studies of closely related species will proliferate in 
the future, as NGS is employed in a range of evolutio-
nary and ecological questions concerning, hybridization 
and invasiveness. Future work should not only advance 
fundamental knowledge, but also enhance our predicta-
bility of biological invasions. 
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